The present fMRI study aimed to identify neurofunctional predictors of auditory word learning. Twenty-four native Chinese speakers were trained to learn a logographic arti¢cial language (LAL) for 2 weeks and their behavioral performance was recorded. Participants were also scanned before and after the training while performing a passive listening task. Results showed that, compared to 'poor' learners (those whose performance was below average during the training), 'good' (i.e. above-average) learners showed more activation in the left MTG/STS and less activation in the right IFG during the pretraining scan. These results con¢rmed the hypothesis that preexisting individual di¡erences in neural activities can predict the e⁄ciency in learning words in a new language.
Neural predictors of auditory word learning
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Introduction
Cognitive neuroscientists have traditionally been interested in the general neural mechanisms of language processing and learning. Several recent studies, however, have found remarkable interindividual variability in neural responses to language processing [1, 2] , especially when processing a nonfluent or new language [3, 4] . Two lines of research have further shown that such individual differences are linked to efficiency in language learning. First, several studies have revealed that neural changes due to language training were correlated with improvement in behavioral performance [5] [6] [7] . For instance, in a phonetic training study, Golestani et al. showed that individuals with greater behavioral improvement showed more neural changes (i.e. neuroplasticity) in the classical frontal speech area and the temporal-parietal speech area than those with less improvement [6] .
Other studies have found that preexisting individual differences in neural activity might serve as neurofunctional predictors of learning [4, [8] [9] [10] . In visual language learning, for example, Xue et al. [4] recently revealed that interindividual variability in brain asymmetry in the fusiform area predicted visual word learning (also see Ref. [8] for related findings). This line of evidence is important because it shows that interindividual variability in neural patterns is not merely a result of differential training effectiveness (i.e. neuroplasticity). Instead, preexisting individual differences in neural responses predict and possibly affect subsequent learning outcomes.
The present study was aimed at extending our existing research on visual word learning by identifying potential neurofunctional predictors of auditory word learning. We trained 24 Chinese college students to learn a logographic artificial language (LAL) for 2 weeks. The data on visual word learning and the fusiform gyrus activation have been reported elsewhere [8] . In this article, we mainly focused on auditory word learning. Many neuroimaging studies have examined the neural changes associated with speech training by focusing on the training of one or two aspects of language, such as tones [11] , phonetics [6, 12] , or the association between sounds and meanings [13] . The present study adopted a comprehensive language training paradigm (i.e. simultaneously training the visual form, phonology, and semantics of LAL) so that the learning of LAL resembles language learning in real life. On the basis of the findings of previous studies [3, 4, 13] , we hypothesized that (a) there would exist significant individual differences in neural responses to novel auditory words (pretraining) in the auditory language processing regions, such as the left temporal lobe and the inferior frontal gyri, and (b) these differences would be associated with the efficiency of learning auditory words.
Methods
Participants Twenty-four native Chinese college students (11 females and 13 males), with normal or corrected-to-normal visual acuity, participated in this training study. They were all strongly right-handed as judged by Snyder and Harris's handedness inventory [14] . None of them had a previous history of neurological or psychiatric disease. All of them learned English as their second language and none had any formal knowledge of Korean language before the training. Informed written consent was obtained from the participants before the experiment. This study was approved by both the Beijing 306 Hospital and the State Key Laboratory of Cognitive Neuroscience and Learning at Beijing Normal University.
Materials and training procedure Participants went through a 2-week training program (2 h per day and 5 days per week) to learn the visual forms, phonology, and semantics of the LAL characters. The LAL was created by borrowing the writing and sounds of 60 Korean Hangul characters and were assigned arbitrary meanings, half natural kinds (e.g. Sun) and half man-made artifacts (e.g. table). The sounds were recorded from four native Korean speakers (two males and two females), and normalized to the same length (600 ms) and loudness. Participants learned 20 characters per day during the first 3 days of training and all 60 characters for the remaining training days. For more details about the training, please refer to Ref. [8] .
In this study, we used two phonological tests: dictation (selecting the correct character after hearing an LAL sound) and listening comprehension (selecting the correct meaning after hearing an LAL sound). During the tests, participants heard an LAL sound through earphones and at the same time saw a pair of characters on the screen which would stay on until participants responded. Participants needed to press one of two keys to select the visual form or meaning that corresponded to the LAL sound. If no responses were made in 4 s after stimulus presentation, the stimulus would disappear. The next stimulus would begin after an interval of 1 s. During the first 3 training days, participants were only tested on the 20 characters they learned that day. Participants were trained each day until they attained a correct ratio of 90% or higher.
Functional MRI paradigm and parameters Participants were scanned before and after the 2-week training, using the same passive listening task. Passive tasks have often been used in studies of foreign language processing [3, 4, 8] because they are more likely to reveal reliable individual differences, less likely to involve neural compensation due to task difficulty, and less likely to confound task difficulty with other study variables. A rapid event-related design was used in this study. At the beginning of the scanning session, there was a 9-s fixation to allow for stability in magnetization, and these images were excluded from analyses. Stimuli were programmed with DMDX and were projected onto a translucent screen via a projector. Participants listened to the stimuli through a functional MRI-compatible headphone, and at the same time, a white fixation cross could be seen through a mirror attached to the head coil. Each sound lasted for 600 ms, and the ISI was 1200 ms. A pure tone (600 Hz) which matched LAL's sounds in length and loudness, served as the baseline. Sixty LAL sounds, 60 matched unfamiliar (i.e. not trained) Korean sounds, and the baseline were presented randomly. The total scanning session lasted 6 m 12 s. All participants followed the same sequence for stimulus presentation to avoid confounding stimulus sequence with individual differences in neural responses.
Structural and functional MRI scans were performed on a 2.0 T GE/Elscint Prestige whole-body MRI scanner (Elscint Ltd., Haifa, Israel) with a standard head coil at the MRI Center of the Beijing 306 Hospital. Single-shot T2*-weighted gradient-echo, EPI sequence was used for functional imaging acquisition with the following parameters: TR/TE/y¼3000 ms/60 ms/901, FOV¼375 Â 210 mm, matrix¼ 128 Â 72, and slice thickness¼6 mm. Nineteen contiguous axial slices parallel to AC-PC line were obtained to cover the whole cerebrum and partial cerebellum. Anatomical MRI was acquired using a T1-weighted, three-dimensional, gradient-echo pulse-sequence. Parameters for this sequence were: TR/TE/y¼25 ms/6 ms/281, FOV¼220 Â 220 mm, matrix¼220 Â 220, and slice thickness¼2 mm. Eighty-nine axial slices parallel to the AC-PC line were acquired to provide a high-resolution structural image of the whole brain.
Functional MRI data analysis Image preprocessing and statistical analyses were performed with the Statistical Parametric Mapping (SPM2, Wellcome Department of Cognitive Neurology, London, UK) implemented in Matlab (Mathworks Inc. Sherborn, Mass., USA). The first three images were excluded from analysis to avoid the initial instability of the magnet. Functional images were realigned, unwarped, normalized to the MNI template, and smoothed with an 8 mm FWHM Gaussian filter. The general linear model was used to estimate the condition effect for individual participants [15] . The canonical haemodynamic response function (HRF) was used to model the BOLD response of each stimulus type. Group effects were computed with a random-effects model. Group-averaged results were computed using one-sample t-tests. Clusters with more than 30 voxels activated above the threshold of Po0.001 (uncorrected) were considered as significant. To examine the neural differences between 'good' and 'poor' learners, we submitted the two groups of learners to a permutation test using Statistical nonParametric Mapping (SnPM3, http://www.sph.umich.edu/ni-stat/ SnPM/). In this analysis, a slightly less stringent threshold was used, that is, 10 voxels activated above the threshold of Po0.005, uncorrected. All activations were localized according to the MNI coordinates. Figure 1a shows the mean reaction times (RTs) for the listening comprehension and dictation tasks. One-way repeated measures analysis of variance (ANOVA) indicated that RTs decreased significantly over the training period for listening comprehension [F(9,207)¼65.54, Po0.001] and dictation [F(9,207)¼73.29, Po0.001]. Owing to the strict criterion for meeting the target performance in the listening comprehension and dictation tasks during training (i.e. 490%), correct ratios were generally high. As shown in Fig. 1b , however, training still resulted in increased accuracy in both phonological tasks [F(9,207)¼2.17, Po0.05; F(9,207)¼21.71, Po0.001]. To capture reliable individual differences in learning outcomes, we conducted a principal component analysis (PCA) to extract a core phonological component for reaction times of the listening comprehension and dictation tasks during the last five training days. One component, explaining 80.96% of the total variance, was extracted. On the basis of this component, we divided the participants (i.e. median split) into 'good' and 'poor' groups. Each group included 12 participants.
Results

Behavioral results
Functional MRI results
Whole-brain analysis During the pretraining scan, the passive listening task activated a broad sensorimotor network, including bilateral frontal, temporal, and motor areas. After training, activation was more extensive in the frontal lobe and subcortical areas (Fig. 2) . Specifically, participants showed increased activation in the left inferior/superior parietal lobe (I/SPL), inferior frontal gyrus (IFG), middle frontal gyrus (MFG), and right supplemental motor area (SMA), cerebellum, and insula/putamen. Decreased activation was found in bilateral temporal lobe.
Comparisons between 'good' and 'poor' learners To identify the brain regions that contributed to the success of auditory word learning, we compared the pretraining neural responses to auditory words between 'good' and 'poor' learners using a permutation test implemented in SnPM. This test enabled us to directly show the probability of getting our results if the participants were grouped as 'good' and 'poor' learners at random. The results revealed that 'good' learners showed increased activation in the left posterior middle temporal gyrus (MTG)/the superior temporal sulcus (STS) (x¼À63, y¼À42, z¼ + 6; P¼0.0012, uncorrected), whereas 'poor' learners showed increased activation in the right IFG (x¼ + 54, y¼ + 27, z¼ + 9; P¼0.0016, uncorrected) ( Fig. 3a and b) .
Correlational analysis
To supplement the group comparisons, we conducted a correlational analysis. First, we quantified the activation (using effect size, that is, beta values in the general linear model) in the two regions that showed significant differences between 'good' and 'poor' learners (i.e. the left pMTG/STS and the right IFG). We then correlated the amount of activation in the two regions with the core phonological component across individuals. These analyses showed that the left pMTG/STS activation at the pretraining stage was positively correlated with the fluency of auditory word processing (i.e. negatively with RT in the core phonological component) (r¼À0.414, Po0.05), whereas the right IFG activation was negatively correlated with word fluency (i.e. positively with RT, r¼0.479, Po0.05) (Fig. 3c and d) . 
Discussion
In this study, we aimed to discover preexisting individual differences in neural responses that could predict auditory word learning. Whole-brain analysis showed significant training-induced changes in the left frontal areas, I/SPL, right SMA, insula/putamen, cerebellum, and bilateral temporal lobe. On the basis of the findings of previous research, these neural changes might represent improvement in the following aspects of the processing of the newly acquired speech sounds: processing efficiency (i.e. decreased activation in bilateral temporal regions) [9] , access to phonological and semantic representations (i.e. increased activation in the left frontal areas) [16] , storage of phonological representations (i.e. increased activation in the right I/SPL) [5] , and demand of articulation preparation or speech production control (i.e. increased activation in the right insula/putamen and cerebellum) [7, 12] . Consistent with previous studies [3, 4, 8] , this study observed significant individual differences in neural responses (especially in the language network such as the left pMTG/STS) to novel auditory words at the pretraining stage. More importantly, we found that pretraining individual differences in activation in the left pMTG/STS and the right IFG predicted learning outcomes. Previous studies have shown that the left pMTG/STS was involved in the analysis of complex sounds, including speech sounds [17, 18] , nonspeech vocalizations [19] , and other familiar environmental sounds [20] . This analysis might represent an intermediate stage of speech processing in the functional pathway linking dorsal STG and STS (which are engaged in the analysis of physical features of complex sounds) to more ventral regions in the left MTG and anterior STS (which are engaged in higher-level linguistic processes such as semantic and syntactic processes) [18] . Two other studies also found that the left posterior MTG/STS played an important role in perceiving sounds as speech [21, 22] . In light of these findings and the fact that we used a passive listening task in this study, we think that the individual differences in the left pMTG/STS might primarily reflect individual differences in speech perception between 'good' and 'poor' learners.
Unlike the left pMTG/STS, the right IFG is an area known to be involved in nonlinguistic processing [13, 23] . Our result of a negative association between activation in the right IFG and auditory word learning seems to suggest that, if the nonlinguistic network (the right IFG) is activated by the novel language, participants may not be as efficient in learning the language. This result parallels a finding by Xue et al. [4] that visual word learning was not as efficient when participants did not rely on the visual word fusiform area (VWFA) to process novel words.
In sum, the results of our two previous studies [4, 8] and this study clearly show that preexisting individual differences in neural responses are important neurofunctional predictors of language learning. The specific mechanisms (or reasons) for this prediction are still unclear. One possible explanation is that the native language tunes relevant brain regions and such tuning affects the learning of a second language. For example, years of language experience tune the left mid-fusiform to be very efficient in processing visual words which can be transferred to the processing of a novel writing [4, 8] . Similarly, the left pMTG/STS is efficient in processing new speech because it has been tuned by native speech. This perspective differs from that of some researchers who have argued for a separate language system for second language [24] , but is consistent with newer findings that second language shares the same neural representation with the native language, even when the second language is dramatically different from the native language and at a very low level of proficiency [25] . Further studies are needed to examine the origin of preexisting individual differences in neural responses and the mechanisms underlying the effects of these responses on subsequent language learning.
Conclusion
Using an artificial language training paradigm, this study found significant functional differences in the left pMTG/ STS and right IFG between 'good' and 'poor' learners of auditory words. These results provided strong evidence for our hypothesis that preexisting interindividual variability in neural activities can predict the efficiency of word learning.
